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SUMMARY 
"Pyrotechnic shock," a r e l a t i v e l y  unknown environment generated by t he  
actuat ion of pyrotechnic devices, has been an increasing concern t o  aerospace 
systems designers as  system complexity increases.  This study has expanded t h e  
understanding of pyrotechnic shock i n  th ree  areas  : pyrotechnic separatfon nuts,  
a r e l a t i v e  idea of t h e i r  input i n to  s t ruc ture ,  and performance monitoring sys- 
tems. Performance demonstrations and comparisons were made on s i x  f l igh t - type  
pyrotechnic separation nut designs, two of which a re  standard designs i n  current 
use, and four of which were designed t o  produce low shock on actuation.  Although 
the  shock performances of the  four low-shock designs a re  considerably lower than 
t he  standard designs, some pena l t i es  may be incurred i n  increased volume, weight, 
or  complexity. These nuts, and how they a re  i n s t a l l ed ,  can s ign i f ican t ly  i n f l u -  
ence t h e  pyrotechnic shock created i n  spacecraft  s t ruc tures .  A high-response 
monitoring system has been developed and demonstrated t o  provide accurate per- 
formance comparisons fo r  pyrotechnic separation nuts.  
INTRODUCTION 
Pyrotechnic shock, t h e  name given t o  t he  mechanical pulses created by t h e  
actuation of pyrotechnic devices (separation nuts,  valves, pin-pullers ) , has 
been a poorly understood environment thoughout  t he  years of pyrotechnic appl i -  
cations.  As spacecraft  have become more sophis t ica ted and de l ica te ,  t h e  con- 
cern caused by t h i s  environment has increased. Few anomalies have been d i r e c t l y  
a t t r i bu t ed  t o  these  short-duration, high-force, high-frequency pulses; e l e c t r i -  
c a l  re lays  chattered on t h e  Apollo program and Ti tan vehicle,  and a commutator 
f a i l e d  on a spacecraft  p r i o r  t o  a NASA Wallops launch. The unknowns i n  t h i s  
pyrotechnic-shock environment have been: How i s  it generated and transmitted;  
how i s  it measured; what a r e  i t s  shapes; what a re  i t s  e f f ec t s  on spacecraft sys- 
tems; what can be done t o  minimize i t s  generation; and can systems be "qual i f ied"  
under t h i s  environment ? 
The obje,ctive of t h i s  study was t o  provide a b e t t e r  understanding of t h e  
pyrotechnic-shock environment by demonstrating t h e  performance of four "low- 
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shock" pyrotechnic separation nut designs, comparing t h e i r  shock performances t o  
two standard nuts current ly  i n  use, r e l a t i n g  t h e  mechanical output of a l l  s i x  
nut types t o  t h e i r  i n t e rna l  mechanisms, and considering t h e i r  appl icat ion on 
aerospace systems. The pyrotechnic-shock performance comparisons and analyses 
were based on a monitoring system u t i l i z i n g  high-response s t r a i n  gages, as  wel l  
a s  conventional accelerometers, mounted on simple, cy l indr ica l  bars.  
The experimental apparatus consis ts  of the  monitoring system and seven sep- 
a ra t ion  nuts, s i x  f l ight- type and one nonflight  type. 
Monitoring System 
The main elements of t h e  monitoring system shown i n  f igure  1 are  t h e  two 
cold-rolled s t e e l  bars,  3.66 m (12 f t )  long and 2.54 cm (1 i n . )  i n  diameter. 
Each was hung by 152.4-cm (60-in.) cables with e l a s t i c  cords contacting t h e  bars .  
The shock waves generated by t h e  separation nuts t r a v e l  i n  a uniform plane wave 
down the  bar a t  sonic velocity.  Therefore, a time period of 1.44 milliseconds 
i s  required f o r  a wave t o  t raverse  t h e  3.66-m (12-f t )  length  and re tu rn  t o  i t s  
source, allowing a pulse within t h a t  duration t o  be viewed a s  a s ingle  pulse.  
Several adapters were machined t o  accommodate t h e  s tud thread s izes ,  thread 
nomenclature 7/16-20 or 1/2-20, and lengths.  Also, a cy l indr ica l  adapter with a 
half- inch wall was machined t o  allow t h e  monitoring of shock waves through t h e  
f lange of t h e  separation nuts.  Al l  separation nuts,  except Low-Shock Design 4, 
u t i l i z e d  t h i s  adapter. Low-Shock Design 4 had no mounting flange and t he  bar  
was threaded i n t o  a tapped port ion of the nu t ' s  cap. This technique considerably 
improved the  coupling of t h e  nu t ' s  generated shock over t h e  flange mounted 
approach. A 0.32-cm (118-in. ) f l a t  washer, 8.1 cm (3.2 i n .  ) i n  diameter, was 
i n s t a l l e d  a t  t h e  nut-to-stud in te r face  t o  provide a method of containing t h e  
i n t e r n a l  components of two of t h e  nut designs, Standard Design 1 and Low-Shock 
Design 1. 
The shock waves were monitored by s t r a i n  gages and accelerometers a t  posi-  
t i ons  indicated i n  f igure  1. The s t r a i n  gages were mounted a t  diametrically 
opposing posi t ions  on t h e  bars  and were wired within t h e  Wheatstone bridge of 
t he  amplif ier  t o  cancel the  e f f ec t s  of longi tudinal  bending of t he  bars.  The 
gages, Baldwin Model FAB1235S13, and t h e  amplif iers,  E l l i s  Model BAM-lB, have 
a frequency response f l a t  t o  a t  l e a s t  100 kHz. The accelerometers, Endevco 
Model 2225C, have a resonant frequency of 80 kHz and a mounted resonant f r e -  
quency of approximately 50 kHz, y ie lding a monitoring capab i l i ty  t h a t  i s  f l a t  
t o  10 t o  16 kHz. The accelerometer ampl i f iers  were Endevco Model 2718. 
The dynamic pulses were recorded on an FM magnetic tape recorder Minneapolis 
Honeywell 7600 with a frequency response f l a t  t o  40 kHz (capable of measuring 
r i s e  times t o  6 psec) .  The equivalent paper speed of t h e  permanent records, 
achieved by reducing playback speeds, was over 5588 cm/sec (2200 i n . / s ec ) ,  or  
0.19 millisecond/cm (0.48 millisecond/in. ) . 
Separation Nuts 
One nonflight and s i x  f l ight- type separation nuts were t e s t ed  i n  t h i s  pro- 
gram: a noncaptive design which was h i s t o r i c a l l y  t he  f i r s t  and simplest re lease  
nut concept, two "Standard" designs t h a t  have been u t i l i z e d  considerably i n  pres-  
ent  and past  aerospace programs, and four "Low-shock" designs t h a t  were spec i f i -  
c a l l y  designed toward reducing t h e  mechanical shock generated on actuation.  
Although each nut could contain two car t r idges  fo r  redundancy, only one car-  
t r i d g e  was used f o r  each functioning. 
The following explanations describe only p r inc ip les .  Physical designs and 
performance margins a re  beyond t h e  scope of t h i s  presentation.  
Noncaptive (see  f i g .  2 ) . -  The bo l t  i s  re ta ined by the  threaded port ion of 
t h e  s t e e l  c o l l e t  which i s  i n  four segments. The segments are ,  i n  tu rn ,  held i n  
posi t ion by a re ta in ing  r ing .  E l e c t r i c a l  ign i t ion  of t he  gas-generatikg car- 
t r i dge ,  which produces 6.8948 kN/m2 (1000 p s i )  i n  a 10-cc closed volume, pres- 
sur izes  t h e  volume formed by t h e  bo l t  end and t h e  housing. The housing i s  forced 
t o  t h e  r i g h t ,  s t r ipp ing  back t he  re ta in ing  r ing  and re leas ing t he  co l l e t  seg- 
ments. No e f f o r t  i s  made f o r  confinement of gases, housing, nor co l l e t  segments. 
Standard Design 1 (see  f i g .  3 ) . -  This re lease  mechanism ks s imilar  t o  t h a t  
of t h e  noncaptive nut; t h e  re ta in ing  cylinder holds t h e  c o l l e t  assembly a t  i t s  
base and i s  withdrawn. Tbe c o l l e t  i n  t h i s  design has four deep incis ions ,  
ins tead of being segmented. The SBASI (Single Bridgewire Apollo Standard 
I n i t i a t o r ) ,  which produces 4.4816 ~ / m 2  (650 p s i )  i n  a 10-cc volume, pressur-  
i z e s  t he  volume formed by t h e  p i s ton  and t h e  re ta in ing  cylinder, causing t he  
cylinder t o  stroke t o  t he  r i g h t .  The p i s ton  holds t h e  nut segments i n  poSition. 
As t h e  r e s t r a in ing  r i n g  strokes over t h e  co l l e t ,  t h e  f l a r ed  por t ion of t h e  c o l l e t  
i s  compressed, forcing t he  base of t he  c o l l e t  t o  p e t a l  open, hinging a t  t h e  base 
of the  incis ions ,  and re leas ing  t h e  bo l t .  The res t ra in ing  pis ton i s  decelerated 
by t he  O-ring as  it impacts against  t he  housing. 
Standard Design 2 (see f i g .  4 ) . -  The re ta in ing  cylinder holds t he  segmented 
c o l l e t  a t  two circumferential  points  of increased diameter. The spreader pis ton 
i s  spring loaded t o  r e s t r a i n  a id  spread t he  segmented co l l e t  on its re lease .  
The ca r t r idge ,  which produces 9.6527 kN/m2 (1400 p s i )  i n  a 10-cc volume, pres-  
sur izes  t h e  volume formed by t h e  housing and t h e  top of t h e  res t ra in ing  cylinder.  
This forces  t he  r e s t r a in ing  cylinder t o  t he  l e f t ,  allowing t h e  four c o l l e t  seg- 
ments t o  f a l l  i n to  t h e  cyl inder ' s  recessed areas,  re leas ing t h e  bo l t .  The 
r e  s t ra in ing  cylinder then  impacts against  t h e  bottom of t he  housing . 
Low-Shock Design 1 (see f i g .  5 ) . -  This nut i s  a modification of Standard 
Design 1 and u t i l i z e s  t h e  same re lease  mechanism; t h e  res t ra in ing  cylinder 
strokes t o  t h e  r i g h t  on pressur izat ion from t h e  output of a SBASI, compressing 
t he  incised c o l l e t .  The shock-reduction pr inc ip les  were t o  use an increased 
mass f o r  t h e  pis tons ,  t o  minimize t h e i r  accelera t ion and t o  maximize t h e  
r e s t r a in ing  cy l inder ' s  accelera t ion,  and t o  use crushable honeycomb t o  reduce 
t h e  peak load forces  on t he  pis ton and r e t a in ing  cylinder from t h e  b r i san t  out- 
put of t he  SBASI. This would reduce t he  pressure-induced loads through t h e  col-  
l e t  i n t o  t he  bo l t .  The outer honeycomb provides f o r  a longer period of deceler-  
a t ion  on impact. 
Low-Shock Design 2 (see f i g .  6) . - The output of t he  SBASI car t r idge i s  
ported i n t o  the  body of t he  nut t o  force  t he  r e s t r a in ing  cylinder t o  t he  r i g h t ,  
r e leas ing  the  three-segmented co l l e t .  The deceleration of the  re ta in ing  
cylinder/spreader p i s ton /co l le t  combination i s  achieved by t h e  force produced 
by t h e  res idua l  gases from t h e  output of t h e  car t r idge.  
Low-Shock Design 3 (see f i g .  7).- The output from the  SBASI car t r idge i s  
ported through t he  body of t h e  hinging p i s ton  t o  force t h e  re ta in ing  cylinder 
t o  t he  r i gh t .  As t h e  re ta in ing  cylinder strokes,  the three-segment c o l l e t  i s  
f i r s t  re leased a t  i t s  base and i s  then forced t o  r o t a t e  open about t h e  hinging 
pis ton by contacting t h e  lower l i p  of t h e  recessed area  i n  t h e  re ta in ing  cylin- 
der.  Again, t he  motion of t he  re ta in ing  cylinder/hinging p i s ton /co l le t  combina- 
t i o n  i s  decelerated by t he  res idua l  gas from the  output of the  car t r idge.  
Low-Shock Design 4 (see  f i g .  8 ) . -  The output of t he  car t r idge,  which pro- 
duces 16.272 k~ /m2  (2360 p s i )  i n  a 10-cc closed volume, i s  ported t o  t h e  annular 
por t s  a t  each end of t he  nut body. The two re ta in ing  cylinders are  forced 
inward, allowing t he  three-segmented c o l l e t  t o  f a l l  i n t o  t h e  recessed areas 
under t h e  force  of an expansion spring (not shown). The shock-reduction pr in-  
c ip l e s  were t o  avoid loading t he  bo l t  from the  ca r t r idge  output and t o  have t h e  
low-mass re ta in ing  cylinders d i s s ipa t e  t h e i r  energy on impacting together r a the r  
than against  t h e  housing. 
PROCEDURE 
The experimental program was divided i n to  s i x  major divis ions:  e s t ab l i sh  
monitoring apparatus, function the  s i x  f l ight- type separation nuts, analyze t h e  
performance records and compare nut performances, determine t h e  housing perform- 
ances with only a standard bo l t  (no stud monitor), determine t he  e f f ec t s  of bo l t  
torque on shock performance, and consider t h e  possible e f f ec t s  on a t yp i ca l  
spacecraft  system. In  t h e  course of t h i s  program, 35 separation nuts were func- 
tioned; the  number and type of nuts t e s t e d  are  summarized i n  Table I. 
Monitoring Apparatus 
To evaluate t he  response and l i n e a r i t y  of t h e  monitoring system, the  bar  
was impacted with a s t e e l  b a l l  and was used t o  monitor t h e  noncaptive nut, shown 
i n  f igure  2. The bar impacts were accomplished by a 0.24-kg (0.54-lb) s t e e l  
ba l l ,  3.18 cm (1.25 i n . )  i n  diameter, on a 152.4-cm (@-in . )  pendulum a t  hor i -  
zontal  displacements of 30.48 cm (12 i n .  ) , 60.96 cm (24 i n .  ) , and 91.44 cm 
(36 i n . )  from the  b a r ' s  end, a t  heights of 3.048 cm (1.2 i n . ) ,  12.7 cm (5.0 i n . ) ,  
and 30.48 cm (12 i n . ) .  Several f lat-ended cy l indr ica l  and conical adapters were 
threaded t o  t he  bar and impacted with t he  b a l l  t o  determine t h e  e f f ec t  of i n t e r -  
faces and possible i n t e rna l  re f lec t ions .  A l l  i n te r faces  were coated with s i l i -  
cone grease t o  maximize shock coupling. The noncaptive nut was torqued t o  
11.298 Nm (100 i n - lb )  on t h e  monitoring bar fo r  functioning. 
Nut Performance 
The s i x  separation nuts were functioned under a s  nearly i den t i ca l  condi- 
t i ons  a s  possible;  each nut was torqued t o  11.298 Nm (100 in - lb )  on t he  s tud 
monitoring bar ,  and t he  housing flanges (except f o r  Low-Shock Design 4, see 
Apparatus) were bol ted t o  t h e  housing monitoring bar.  Several nuts of each 
nut type were functioned i n  t h i s  arrangement : Six each of Standard Designs 1 
and 2, and s i x  each Low-Shock Designs 1 and 4, and one each of Low-Shock Designs 
2 and 3. An e f f o r t  was made t o  associa te  t he  mechanisms of t he  functioning with 
the  force-time h i s to ry  obtained from the  stud and housing monitoring bars.  The 
motion of t h e  monitoring bars  was observed with a 400-pps framing camera t o  e s t i -  
mate t h e  impulsive loading on functioning. This motion was equated t o  energy by 
multiplying t h e  displacement height by t h e  weight of t h e  bars.  
Performance Analysis 
For comparison the  force and accelera t ion time h i s t o r i e s  of one representa- 
t i v e  record of each nut type were p lo t t ed  on t he  same scales .  Also, t he  impul- 
s ive  loads produced by t he  actuat ion of each nut type were compared. 
The accelera t ion time h i s t o r i e s  of t h e  representa t ive  records were analyzed 
on a shock spectrum analog analyzer (MB model 980) t o  40 kHz with a Q of 10. 
Only t h e  f i r s t  pulse produced by each channel was analyzed and only f o r  t h e  
duration of t h e  pulse t o  produce a primary spectrum; t h a t  i s ,  t h e  re f lec ted  
pulses were disregarded i n  t h e  analysis ,  and the  spectra  produced represent t he  
absolute response of a mass within a single-degree-of-freedom system only within 
t he  time period of the  pulse i t s e l f ,  a maximum time of 1.34 milliseconds. I n  
l i k e  manner, t h e  accelera t ion response of a single-degree-of-freedom system t o  
t he  force pulses  could be calculated and presented i n  spec t ra l  form. 
Stud Performance 
To simulate t h e  mounting normally used i n  separation systems, i n  which t h e  
nut housing i s  secured t o  the  s t ruc ture  and t h e  stud i s  allowed t o  move, f i v e  
nuts ( a l l  except Standard Design 2 )  were functioned with a f r ee  s tud and were 
monitored only on t h e  housing side.  The force time h i s t o r i e s  of t he  housing 
were compared t o  t h e  performance u t i l i z i n g  both monitoring bars.  Also, t h e  
s tud e jec t ion  ve loc i t i e s  produced on actuat ion of the  nuts were observed with 
a 400-pps camera. This ve loc i ty  w a s  r e l a t e d  t o  k i n e t i c  energy 112 m ~ 2 .  
Effect  of Torque 
To determine t h e  e f f ec t  of torque on shock generation, four addi t ional  nuts 
were functioned a t  torque l eve l s  g rea te r  than 11.298 Nm (100 in - lb )  (45.194 Nm 
(400 in - lb )  t o  101.686 Nm (900 i n - l b ) )  using both bars :  Noncaptive nut, Stand- 
ard  Design 1, Low-Shock 1, and Low-Shock 4. Their force  time h i s t o r i e s  were 
compared t o  t h e  corresponding t e s t s  a t  11.298 Nm (100 i n - lb ) .  
Effec t s  on Spacecraft 
Based on t h e  force time h i s t o r i e s  produced by these  low-shock nuts,  t h e  
general  e f f ec t  on spacecraft  systems was considered. Under consideration were 
r e l a t i v e  shock loads,  e f f ec t s  of mounting, and r e l a t i v e  displacements on 
actuat ion.  
RESULTS 
Monitoring Apparatus 
Several observations can be made from t h e  force and accelera t ion records 
obtained from impacting t h e  3.18-cm (1.25-in. ) s t e e l  b a l l  against  t h e  b a r ' s  end 
shown i n  f igure  9. There i s  a 1.34-millisecond period from t h e  beginning of t h e  
i n i t i a l  compression wave, u n t i l  t h e  a r r i v a l  of t h e  re f lec ted  wave which i s  f i r s t  
t e n s i l e ,  then compressive. According t o  theory, t he  accelera t ion i s  proportional  
t o  t h e  f i r s t  der ivat ive  of the  force s ignal .  Consequently, i f  the  input force  
pulse i s  not a t r u e  sine wave, t h e  der ivat ive  w i l l  be a complex wave, requir ing 
up t o  twice t h e  inpu t ' s  frequency t o  reproduce. I n  t h e  examples i n  f igure  9, 
t he  input force i s  evidently a haversine pulse, since t he  accelera t ion pulse  
ind ica tes  two accelera t ion peaks, producing a pulse t h a t  i s  equivalent t o  twice 
t he  frequency of t h e  input pulse. Also, since t h e  accelerometer i s  mounted on 
t h e  ba r ' s  end, the  accelera t ion i s  twice t h e  l e v e l  t h a t  would be recorded a t  a 
point  along t h e  bar.  The amplitudes of these  simple impact-generated pulses 
provide a bas i s  of comparison f o r  the loads induced by t h e  function of t he  sep- 
a r a t i on  nuts; t h a t  i s ,  a t  a 91.44-cm (36-in. ) displacement t h e  impact ve loc i ty  
of t h e  s t e e l  b a l l  i s  4.24 m/sec (13.9 f t l s e c ) ,  producing a 11 .076-k~  (2490-1b) 
force ,  118-microsecond pulse.  
No appreciable losses  nor i n t e r n a l  r e f l ec t i ons  were produced by t he  s t r a igh t  
cy l indr ica l  adapters; t h i s  was a l so  observed f o r  a 45' expansion conical  adapter 
(from 2.54 cm (1 i n . )  t o  5.08 cm (2  i n . )  diameter, t h e  angle used i n  the  housing 
adapter)  . 
Typical performance p lo t s  f o r  t he  noncaptive nut a re  shown i n  f igure  10. 
The i n i t i a l  t e n s i l e  pulse i s  produced by t he  force  required t o  shear a p in  a t  
t he  re ta in ing  r i n g  t o  co l l e t  in te r face  and t o  overcome f r i c t i o n .  (see  cross 
sect ion,  f i g .  2 . )  The pressure within t h e  cavi ty  then loads t he  s tud i n to  com- 
press ion u n t i l  the  stud i s  released.  The o s c i l l a t i n g  accelerat,ion pulse bears 
l i t t l e  v i sua l  cor re la t ion  t o  t he  input force pulse.  The impulsive load on t h e  
stud caused t he  monitoring bar t o  swing approximately 25.4 cm (10 i n . ) ,  equiva- 
l en t  t o  2.99 Nm (26.5 in- lb)  of energy. T'rie remaining energy i n  t h e  nut housing 
was not recorded. 
Separation Nuts 
The functional  performance of each nut type w i l l  be explained individual ly  
i n  t h i s  section through representa t ive  performance curves. I n  general,  t h e  
performances produced by several  u n i t s  of each type of nut were highly repro- 
ducible. The performance curves could be exactly overlaid from nut t o  nut with 
only small va r ia t ions  i n  amplitude. 
Standard Design 1.- See f igure  3 f o r  the cross sect ion and f igure  11 f o r  
the  funct ional  h i s t o r i e s .  As t he  re ta in ing  cylinder i s  forced t o  t he  r i g h t ,  a  
momentary t e n s i l e  wave i s  created i n  t h e  bo l t .  This i s  followed by a  s t rong 
compressive force  produced by t h e  p i s ton  against  t h e  co l l e t .  The major t e n s i l e  
spike i s  produced by t h e  r e t a in ing  cylinder stroking t h e  f l a r ed  por t ion of t he  
c o l l e t .  The housing f i r s t  experiences a  t e n s i l e  wave as  a  react ion force  t o  t h e  
accelera t ion of t h e  r e t a in ing  cylinder applied through t h e  c o l l e t .  As t h e  
re ta in ing  cylinder impacts against  t h e  O-ring and housing, a  strong compressive 
pulse i s  produced. The monitoring bars  were observed t o  swing apar t  by approxi- 
mately 15.24 cm (6  i n . )  on functioning. 
Standard Design 2 . -  See f igure  4 f o r  the  cross sect ion and f igure  12 f o r  
t he  funct ional  h i s t o r i e s .  The i n i t i a l  t e n s i l e  load i n  t he  stud appears t o  be 
produced by t h e  housing reac t ion  i n  loading through t h e  c o l l e t  which exceeds t he  
compressive loading produced by shearing t he  shear p in  between t h e  re ta in ing  
cylinder and t h e  c o l l e t .  The la rge  compressive spike i s  produced by t h e  impact- 
ing of t he  r e t a in ing  cylinder,  bottoming against  t h e  housing. The housing load 
f i r s t  exh ib i t s  a  compression corresponding t o  t h e  reac t ion  t o  t he  i n i t i a l  t e n s i l e  
load of t he  stud.  The major shock of t h e  impacting re ta in ing  cylinder i s  appar- 
en t l y  t rans fe r red  e f f i c i e n t l y  i n t o  t h e  s tud mass and not t h e  housing. The sec- 
ond compressive load of t h e  housing can be a t t r i bu t ed  t o  t he  bottoming of t he  
spring or spreader p i s ton  against  t h e  r e t a in ing  cylinder i n  e jec t ing  t he  stud.  
The pos i t ive  pulse could be r e l a t ed  t o  t he  seat ing of t he  spreader p i s ton  i n  
t h e  then-expanded c o l l e t  sections.  The monitoring bars  swung apar t  approxi- 
mately 20.32 cm (8 i n . )  on functioning.  
Low-Shock Design 1.- See f igure  5  f o r  t he  cross sect ion and f igure  13 fo r  
t he  funct ional  h i s t o r i e s .  The i n i t i a l  t e n s i l e  pulses on t h e  stud can be r e l a t ed  
again t o  t h e  shearing of a  shear p in  and f r i c t i o n  when the  r e t a in ing  cylinder 
begins i t s  motion. The major compressive indicat ion i s  caused by t he  loading 
through t h e  pis tons  and honeycomb. The r e t a in ing  cylinder impacting t h e  f l a r ed  
por t ion of t h e  c o l l e t  produces t he  sharp t e n s i l e  pulse.  The loads i n to  t h e  
housing are  apparently wel l  i so la ted  from the  stud; t h e  react ionary forces  a re  
low, reduced by t h e  crushable honeycomb and t h e  accelera t ion of t h e  high-mass 
pis ton.  A small t e n s i l e  load i s  coupled through t h e  washer a t  t h e  in terface ,  
followed by a  compression produced by decelerating t h e  re ta in ing  cylinder against  
the  housing. No separation of t h e  bars  was observed on functioning. 
Low-Shock Design 2.- See f igure  6 f o r  t he  cross sect ion and f igure  1 4  f o r  
t h e  funct ional  h i s t o r i e s .  The i n i t i a l  s tud compressive load i s  produced by t h e  
force of t h e  spreader p i s ton  on t h e  c o l l e t  on pressur izat ion.  The t e n s i l e  pulse 
i s  produced by t h e  f r i c t i o n  of t he  re ta in ing  cylinder withdrawing over t h e  col-  
l e t .  The subsequent compressive pulses a re  then created by t he  piston-loaded 
segments s l i d i n g  outward and bottoming i n t o  t h e  cavi ty  t o  re lease  t he  bo l t .  The 
stud i s  abruptly off-loaded when t h e  p i s ton  i s  stroked t o  t h e  r i g h t  by t h e  
i n t e r n a l  shoulder of t h e  r e t a ine r  cylinder.  The housing experiences t he  small 
compressive pulse due t o  a  pressur izat ion force t o  t h e  r i gh t ,  followed by t he  
t e n s i l e  pulse produced by t h e  reac t ion  t o  the  f r i c t i o n  res i s tance  i n  forc ing 
the  r e t a in ing  cylinder t o  t h e  r i gh t .  The next compressive pulse i s  t he  reac- 
t i o n  t o  t he  loading of t h e  c o l l e t  by t h e  pis ton.  The remaining compressive 
pulse can be a t t r i bu t ed  t o  t h e  decelera t ion of t h e  re ta in ing  cylinder and p i s ton  
within t h e  housing by t he  res idua l  gas from the  car t r idge.  T'ne bars swung apar t  
approximately 10.16 cm ( 4  i n . )  on functioning. 
Low-Shock Design 3.- See f igure  7 fo r  t he  cross sect ion and f igure  15 f o r  
t h e  funct ional  h i s t o r i e s .  The i n i t i a l  t e n s i l e  indicat ion on t he  stud i s  due t o  
t h e  movement of t he  re ta in ing  cylinder t o  t he  r i g h t .  The hinging p i s ton  appl ies  
t he  major compressive load, which i s  quickly converted t o  tension when t h e  
re ta in ing  cy l inder ' s  recessed area  impacts the  project ion of t h e  c o l l e t .  The 
second compressive pulse can be a t t r i bu t ed  t o  t h e  forcing of t h e  combination of 
hinging piston,  re ta in ing  cylinder, and co l l e t  t o  t he  l e f t ,  and applying a  com- 
pressive load against  t he  stud. The i n i t i a l  t e n s i l e  load produced by t he  hous- 
ing can be a t r r ibu ted  t o  t he  reac t ion  t o  t h e  r e t a in ing  cyl inder ' s  motion t o  t h e  
r i gh t .  The compressive pulse i s  t h e  react ion t o  the  loading of t he  c o l l e t .  On 
re lease  of the  bo l t ,  t h e  housing load would remain compressive during t he  decel-  
e ra t ion  and reversa l  of t he  piston/cylinder.  A pos i t ive  pulse would be produced 
on t he  impacting of t h e  piston/cylinder against  t h e  bottom of t he  housing. The 
bars were observed t o  swing apar t  approximately 20.32 cm (8 i n .  ) on functioning. 
Low-Shock Design 4.- See f igure  8 fo r  t he  cross sect ion and f igure  16  f o r  
t he  functional  h i s t o r i e s .  The loads by t h e  converging r e t a in ing  cylinders cou- 
pled i n t o  t he  c o l l e t ,  and t rans fe r red  i n to  t h e  stud, a r e  e s sen t i a l l y  balanced. 
The compressive load may be a t t r i bu t ab l e  t o  t h e  re laxat ion of t he  long-length 
stud on re lease .  The major i den t i f i ab l e  load produced by t h e  housing i s  com- 
pressive,  possibly caused by a  pressur izat ion of t h e  por t  volumes. The force  
i s  appreciably higher a s  compared t o  t he  other  nuts,  due t o  t h e  mounting of t h e  
bar i n to  t he  nut cap ra ther  than i n  a flange a t  i t s  base. No separation motion 
of t h e  monitoring bars was observed. 
Performance Analysis 
The functional  performance comparisons a r e  shown i n  f igures  17 t o  19. The 
shock spec t ra l  analyses are  shown i n  f igures  20 and 21. 
The stud force  and accelera t ion l eve l s  of t h e  low-shock designs, a s  shown 
i n  f igure  17, a r e  appreciably lower than t h e  l e v e l s  produced by t h e  standard 
designs. The con t ras t s  i n  force  l e v e l s  are  not r e f l ec t ed  i n  t h e  accelera t ion 
comparisons. The houslng loads, shown i n  f igure  18, of t h e  low-shock designs 
are  lower than f o r  t h e  standard u n i t s  except f o r  Low-Shock Design 3. However, 
t he  accelera t ion l eve l s  of t h e  low-shock designs were considerably lower a s  
shown i n  f igure  19. 
The impulsive loading performance fo r  each nut type i s  compiled i n  t a b l e  11. 
The highest  impulse was produced by t h e  noncaptive nut, s ince a  s ingle  14.33-kg 
(31.6-lb) bar was swung 25.4 cm (10 i n .  ) ( a  height change of 2.13 cm (0.84 i n .  ) ) . 
The impulse produced by the  remaining nuts was delivered t o  two bars,  producing 
considerably l e s s  height change. The t o t a l  impulse delivered by t he  nuts can 
be d i r e c t l y  r e l a t ed  t o  t h e  i n t eg ra l  of t h e  force-time curves delivered i n to  each 
bar.  Although t h e  peak stud loads of Standard Design 2 a r e  more than 16  times 
those of Low-Shock Design 3, the  t o t a l  impulsive loads a re  t h e  same. Obviously, 
t he  least-shock-producing method of del iver ing an impulse t o  achieve a des i red 
separation of in te r faces  i s  t o  apply lower l e v e l  loads over a longer time 
in te rva l .  
The s tud performance spectra  i n  f i gu re  20 ind ica te  t h a t  energy l eve l s  a r e  
present t o  40 kHz. The highest  response was produced by Standard Design 2, par-  
t i c u l a r l y  at  high frequencies. The lowest response was produced by Low-mock 
Design 4 whose primary content i s  above 4 kHz. 
The housing performance spectra  ( f i g .  21) a r e  not so  c l ea r ly  d i f f e r en t i a t ed  
as  t h e  s tud performance ( f i g .  20). The accelera t ion spectra  indicate  Low-Shock 
Design 1 t o  produce t h e  highest  l eve l s  a t  frequencies t o  1000 Hz. 
Stud Performance 
The force  performances of the  f i v e  separation nuts using a f r e e  stud, com- 
pared t o  using a two-bar monitoring system, a r e  shown i n  f igures  22 t o  26. 
The i n i t i a l  t e n s i l e  loads, produced by pressur izat ion of t h e  nut body and 
t h e  forces  necessary t o  overcome f r i c t i o n  i n  t h e  re ta in ing  cylinder withdrawal, 
were considerably increased fo r  a l l  nuts; t he  increases ranged from two t o  s i x  
times t he  loads observed i n  the  two-bar system. Although the  amplitudes were 
higher, t h e  performance h i s t o r i e s  from t h e  f ree-s tud functionings are  very sim- 
i l a r  t o  t he  performances from t h e  two-bar systems. 
The secondary loads of Standard Design 1 and Low-Shock Designs 1 and 4 
produced by t he  actuat ion of separation mechanisms o r  decelerating masses were 
appreciably increased. However, t h e  secondary loads produced by Low-Shock 
Designs 2 and 3 i n  t h e  f ree-s tud setup, although somewhat d i f f e r en t  i n  shape, 
were e s sen t i a l l y  t h e  same a s  f o r  t h e  two-bar system. 
The force-performance differences and s i m i l a r i t i e s  can be a t t r i bu t ed  t o  
t he  manner i n  which t h e  nu ts '  i n t e r n a l  components couple loads t o  t h e  surround- 
ing s t ruc ture  and d i ss ipa te  t h e i r  energy. The increased loads were caused by 
a l ack  of coupling i n t o  t h e  stud monitoring bar.  The lack  of increased loads 
indicates  t h a t  t he  mechanisms of i n t e r n a l  energy d i ss ipa t ion  were not appre- 
c iably  changed. 
The ve loc i t i e s  of t h e  studs achieved on functioning t he  nuts varied from 
zero t o  2.80 m/sec (9.2 f t / s e c )  and a r e  shown i n  t a b l e  11. 
Effect  of Torque 
The force-perf ormance h i s t o r i e s  of t he  four separation nuts torqued t o  
higher l e v e l s  a re  shown i n  f igures  27 t o  30. The performances of t h e  noncap- 
t i v e  nut, Standard Design 1, and Low-Shock Design 1 a re  e s sen t i a l l y  t he  same 
within normal funct ional  var ia t ions .  However, t h e  loads i n  the  Low-Shock 
Design 4 were considerably increased. Since t h e  only force required t o  achieve 
separation i n  Low-Shock Design 4 i s  t h a t  of moving t h e  small-mass r e t a in ing  
cylinders,  an increase i n  f r i c t i o n  caused by an increase i n  torque l e v e l  wauld 
s i gn i f i c an t l y  a f f ec t  t h e  force  t o  i n i t i a t e  and s top t h i s  motion. 
Ef fec t s  on Spacecraft 
This study has produced several  s ign i f ican t  points  of information f o r  con- 
s idera t ion  by a spacecraft  systems designer i n  t he  appl icat ion of pyrotechnic 
separation nuts.  
Pyrotechnic separation nuts can be produced t h a t  generate low-shock out- 
puts  on functioning. The low-shock nuts evaluated i n  t h i s  study a r e  i n  various 
stages of development and have yet  t o  be applied t o  any aerospace program. Some 
pena l t i es  may be introduced i n  these  low-shock nut designs i n  increased weight, 
volume, and complexity of t h e  re lease  mechanism over t h e  ex i s t ing  commonly used 
pyrotechnic separation nuts. Also, each of t h e  nuts can be designed t o  contain 
two gas-generating car t r idges  a s  an approach t o  redundancy. Should both car-  
t r i dges  be functioned simultaneously t o  achieve actuation,  considerably higher 
shock loads would be produced, s ince  i n t e r n a l  pressures could be doubled, y ie ld -  
ing considerably higher forces .  To maintain minimal shock loading, t h e  second 
car t r idge  should be functioned only i f  t he  f i r s t  f a i l e d  t o  achieve separation.  
Further, care should be taken t o  avoid sympathetic i gn i t i on  between car t r idges;  
t ha t  i s ,  t he  second car t r idge  should be su f f i c i en t l y  protected t o  prevent ign i -  
t i o n  by the  hot gases produced by t h e  f i r s t  car t r idge.  
Due t o  r e l a t i v e  loads induced i n to  t h e  s tud and housing on actuat ion of 
these  low-shock nuts, some decisions should be made on physical  mounting and 
attachment. Peak shock loads a re  reduced s ign i f i c an t l y  on nut actuat ion by 
providing maximum coupling of loads t o  s t ruc ture  on both s ides  of t he  separa- 
t i ons  plane; t h a t  i s ,  with t h e  housing and s tud r i g i d l y  at tached t o  t h e  s t ruc-  
t u r e .  Shock loads a re  increased i n  t he  nut housing by a f r e e l y  moving stud. 
L i t t l e  or  no impulsive loading i s  introduced i n t o  a r i g i d l y  mounted stud by 
Low-Shock Designs 1 and 4 t o  accomplish separation.  The impulsive loads i n  
Low-Shock Designs 3 and 4 a re  i n su f f i c i en t  t o  e j ec t  a stud t h a t  i s  f r e e  t o  move. 
The impulsive loads produced by t h e  remaining nut designs can produce a des i red  
separation of s t ruc ture  or  stud e jec t ion  i n  a well-controlled manner. Also, 
lower-level shock loads a r e  introduced i n t o  t h e  stud s ide  of the  separation 
plane, a s  compared t o  the  housing side,  f o r  Low-Shock Designs 3 and 4. The 
reverse i s  t r ue  fo r  Low-Shock Designs 1 and 2. Final ly ,  only Low-Shock Design 4 
of t he  four t e s t ed  (noncaptive, Standard 1, Low-Shock 1 and 4)  exhibited any 
increase  i n  shock l e v e l s  due t o  an increase i n  torque l e v e l  of t h e  mounting stud.  
Although t h e  peak shock loads of the  complex high-frequency pulses produced 
by these  low-shock nuts a re  considerably l e s s  than fo r  the standard designs, t h e  
question s t i l l  remains as t o  what pa r t  of a spacecraft  i s  affected,  and t o  what 
degree. These shock loads a r e  well  below t h e  e l a s t i c  l i m i t  of metals and should 
have l i t t l e  e f f ec t  on primary s t ruc ture .  The t o t a l  impulsive load i s  small, 
s ince t h e  pulse width i s  generally 1 millisecond or l e s s .  However, high- 
frequency shock loading of small-mass, f l ex ib l e  items, such as elect ronics ,  can 
produce s ign i f ican t  e f f ec t s .  The high-frequency content of these  pulses can be 
s i gn i f i c an t l y  decoupled and amplitudes lowered by in terfaces ,  bolted or  r i ve t ed  
jo in t s ,  and low-density mounting pads on t he  e lec t ron ic  chassis ,  according t o  
current  invest igat ions  accomplished by t he  Viking Project  Office (NASA Langley 
Research Center) .  Experiments t o  inves t iga te  shock i so l a t i on  of t h e  nut body 
and in te r faces  have been unsuccessful, s ince  t h e  use of low-density materials  
prevents adequate mechanical l inkage.  
The dynamic analysis  of spacecraft s t ruc ture  can be appreciably enhanced 
through t h e  use of a c tua l  force  time h i s t o r i e s  a s  wel l  a s  through t h e  current 
p rac t ice  of using accelera t ion h i s t o r i e s .  However, t h e  t heo re t i c a l  predic t ion 
of dynamic response of spacecraft  t o  these  high-frequency inputs i s  s t i l l  a d i f -  
f i c u l t  problem area,  because of t he  l imi ta t ions  of most computer programs f o r  
s t r uc tu r a l  analys is .  Spectra l  analyses of accelera t ion pulses do not compen- 
s a t e  fo r  phase and time re la t ionsh ips .  The in tegra t ion  of accelera t ion s ignals  
t o  produce more useful  fo rce  s ignals  i s  d i f f i c u l t  t o  accomplish e lec t ron ica l ly .  
Also, t he  dynamic response of strain-gage monitors i s  considerably b e t t e r  than 
t h a t  of accelera t ion monitors f o r  t h i s  high-frequency environment. Final ly ,  
s t r a i n  gages can be d i r e c t l y  at tached t o  a s t ruc ture  without modifying t h e  
s t ruc ture  or s i gn i f i c an t l y  increasing t h e  mass of the  s t ruc ture  as  compared 
with t h e  use of accelerometers. 
CONCLUSIONS 
The conclusions drawn from t h i s  study can be categorized i n t o  th ree  areas  : 
low-shock separation nuts,  t h e i r  r e l a t i v e  e f f ec t  on a spacecraft  system, and 
monitoring systems. 
Pyrotechnic separation nuts t h a t  generate a low mechanical shock on actua- 
t i o n  can be produced. Four d i f f e r en t  separation nut designs were evaluated i n  
t h i s  study, demonstrating a reduction i n  shock forces  by f ac to r s  from 10 t o  100, 
a s  compared t o  a commonly used pyrotechnic separation nut.  However, some penal- 
t i e s  may be introduced i n  increased volume, weight, or complexity. The perform- 
ance and physical  cha rac t e r i s t i c s  of each nut a r e  unique, each having i t s  own 
advantages and disadvantages. Examples a re  : One type produces no separation 
forces  but has a high weight; another produces low impulsive loads i n t o  a f ixed 
stud but requires  an increase i n  volume t o  function; and a t h i r d  produces low 
impulse i n t o  a f r e e  s tud but produces a higher l e v e l  shock pulse.  The se lec t ion  
of a pa r t i cu l a r  nut on a spacecraft  system must be predicted on t h e  system-unique 
requirements . 
To minimize t he  e f f e c t s  of t h e  functioning of these  nuts on t h e  spacecraft  
system, t h e i r  loca t ion  and how they a r e  i n s t a l l e d  should be predicated on t he  
performances described above. Although t h e  peak shock l eve l s  have been s ign i f -  
i c an t l y  reduced over commonly used designs, t h e  short-duration, high-level, high- 
frequency shock pulse s t i l l  remains complex. The shock output should have l i t t l e  
or  no influence on primary s t ruc ture ,  but t h e  e f f ec t  on e lec t ron ics  or  f l ex ib l e  
components remains unknown. Fortunately, these  high-frequency pulses can be 
e f f ec t i ve ly  at tenuated or r e f l ec t ed  through t h e  use of in te r faces  and low- 
densi ty  i so l a t i on  materials .  
The use of strain-gage monitoring systems o f f e r s  several  advantages over 
t h e  use of conventional accelera t ion monitoring techniques. S t ra in  gages can 
monitor t he  shock pulses more accurately,  have l e s s  e f f ec t  on t h e  s t ruc ture ,  and 
produce information t h a t  i s  more useful  f o r  s t r uc tu r a l  analyses than do accel-  
erometers. However, t h i s  i s  not a recommendation t o  exclude the  use of accel-  
erometers. Within t h e  l imi ta t ions  of accelerometers, the  da ta  produced a r e  com- 
plementary t o  t h a t  produced by s t r a i n  gages, pa r t i cu l a r l y  i n  complex s t ruc tures .  
The s impl i f ied-s t ructure  monitoring system used i n  t h i s  study has been demon- 
s t r a t e d  t o  be an accurate performance-comparison technique f o r  separation nuts.  
The performance data  can be r e l a t ed  t o  ac tua l  spacecraft  systems. 
TABm I.- NUMBER AND TYPE OF NUTS TESTED PER CATEGORY 
TABLE 11. - IMPULSE PERFOFMANCE COMPARISONS 
Nut type 
Standard ~ e s i ~ n  1 
Standard Design 2 
Low-Shock Design 1 
Low-Shock Design 2 
Low-Shock Design 3 
Low-Shock Design 4 
Noncapt ive  nut 
* Single-bar displacement. 
** Not e jected.  
Performance 
comparisons 
6 
6 
6 
1 
1 
6 
Nut type 
Noncapt ive  
Standard Design 1 
Standard Design 2 
Low-Shock Design 1 
Low-Shock Design 2 
Low-ShockDesign3 
Low-Shock Design 4 
Stud 
performance 
1 '  
1 
1 
1 
1 
Torque 
e f  f ec t  
1 
1 
1 
1 
Two-bar system 
Displacement , 
cm ( i n .  ) 
*25.4 (10) 
1 . 2  ( 6) 
20.32 ( 8) 
None 
10.16 ( 4) 
20.32 ( 8 )  
None 
Single-bar, free-stud system 
Energy, 
Nm ( i n - l b )  
2.99 (26.5) 
.27 ( 2.4) 
.47 ( 4.2) 
None 
.12 ( 1.1) 
.47 ( 
None 
Ejection velocity,  
m/sec ( f t l s e c )  
2.80 (9.2 ) 
1.34 (4 .4  ) 
2.07 (6.8 ) 
4.2)**1.27 ( - 5  ) motion 
**. 635 ( .25) motion 
Energy, 
Nm ( in - lb )  
0.136 (1.2 ) 
*031 ( 827) 
,073 ( 6) 
None 
None 
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Figure 1.- Cross  section of shock monitoring apparatus. 
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Gas-generating car t r idge  
Figure 2.- Cross  section of noncaptive separation nut. 
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Figure 3. -  Cross  section of Standard Design 1. 
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Figure 4.- Cross section of Standard Design 2. 
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Figure 5.- Cross section of Low-Shock Design 1. 
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Figure 6.- Cross section of Low-Shock Design 
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Segmented collet (steel) 
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Figure 7.-  Cross section of Low-Shock Design 3 .  
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Segmented collet (steel) 
Figure 8.- Cross section of Low-Shock Design 4. 
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Figure 9.- Force and acceleration performance of 3.18-cm (1.25-in.) 
steel ball; impacts at horizontal displacements indicated. 
( lg  = 9.807 m/sec2.) 
Figure 10 .- Force and acceleration performance of noncaptive nut. 
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(b) Housing - force, acceleration. 
Figure 11 .- Force and acceleration performance of Standard Design 1. 
(b) Housing - force, acceleration. 
Figure 12.- Force and acceleration performance of Standard Design 2. 
(a) Stud - force, acceleration. 
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(b) Housing - force, acceleration. 
Figure 13 .- Force and acceleration performance of Low-Shock Design 1. 
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(a) Stud - force, acceleration. 
(b) Housing - force, acceleration. 
Figure 14 .- Force and acceleration performance of Low-Shock Design 2. 

(b) Housing - force, acceleration. 
Figure 16.- Force and acceleration performance of Low-Shock Design 4. 
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Figure 17.- Stud force and acceleration performance comparison of 
six separation nuts. 
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Low-Shock 1/ 
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Figure 18 .- Housing force comparison of six separation nuts. 
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Figure 19 .- Housing acceleration comparison of six separation nuts. 
Standard Design 1 
Standard Design 2 
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Figure 20.- Stud performance spectra comparison. 
Figure 21  .- Housing performance spectra. 
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9.96 k~ (2240 lb) 
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Figure 22.- Housing force performance comparison between using both bars 
and a free-stud (single bar) of Standard Design 1. 
0.836 ~dv (188 lb) 
t 
0.520 kN (117 l b )  
Both bars 
Figure 23.- Housing force performance comparison between using both bars 
and a free-stud (single bar) of Low-Shock Design 1. 
Figure 24.- Housing force performance comparison between two bars and 
a free-stud (single bar) of Low-Shock Design 2. 
Free stud 
Figure 25.- Housing force performance comparison between two bars and 
a free-stud (single bar) of Low-Shock Design 3 .  
Both bars 
Figure 26.- Housing force performance comparison between two bars and 
a free-stud (single bar) of Low-Shock Design 4.  
3.17 k N  (712 lb)  
101.69 N-m (900 in-lb) 
11.30 N-m (100 in-lb) 
Figure 27.- Comparison of stud force performance for noncaptive nut at 
torque levels of 11.30 N-m (100 in-lb) and 101.69 N-m (900 in-lb). 
(a) Stud monitor. 
in-lb ) 
2.34 kN (527 7A lb )  
30 N-m (100 in-lb) 67.79 N-m 
(b) Housing monitor. 
Figure 28.- Comparison of force performances for Standard Design 1 at 
torque levels of 11.30 N-m (100 in-lb) and 67.79 N-m (600 in-lb). 
67.79 N-m (600 in-lb) 11.30 N-m (100 in-lb) 
(a) Stud monitor. 
0.520 kIi (117 l b )  
11.30 N-m (100 in-lb) 67.79 N-m (600 in-lb) 
(b) Housing monitor. 
Figure 29.- Comparison of force performances for Low-Shock Design 1 at 
torque levels of 11.30 N-m (100 in-lb) and 67.79 N-m (600 in-lb) . 
0.356 kN (80 lb )  I 
1.11 k N  (250 lb)  
L 15-57 k.N (3500 lb )  
11.30 N-m (100 in-lb) 
I 
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(a) Stud monitor. 
%h 
14.29 kN (3200 lb )  
11.30 N-m (100 in-lb) 101.69 N-m (900 in-lb) 
(b) Housing monitor. 
Figure 30.- Comparison of force performances for Low-Shock Design 4 at 
torque levels of 11.30 N-m (100 in-lb) and 101.69 N-m (900 in-lb). 
